that the Torricelli model was more appropriate because pulmonary capillary pressure rose out of proportion to flow during exercise in patients with mitral stenosis.1,4 They made the reasonable argument that the pressure gradient across the valve was probably increased more than flow, even though they did not measure the mitral valve pressure gradient, or even the atrial pressure. This conclusion suggested that the resistance model was invalid in mitral stenosis and that, by default, the Torricelli model gave a more reliable indication of stenosis. At the time, anatomic valve area seemed to be the most desirable index of stenosis. This index, expressed in the familiar dimensions of square centimeters, conveys a picture of the stenotic valve that has been used as a clinical guide for nearly four decades.
Although calculated area is expressed in familiar anatomic terms, these terms are ill suited for dynamic calculations. As hemodynamics are becoming more widely understood, the dimensions of resistance are becoming better known. A major advantage of resistance as a stenotic index is that it does not require any assumptions, as do the calculations of valve area. The Gorlin formula requires an empirical constant to account for blood viscosity, density, turbulence, and the ratio of the valve area to the vena contracta, the area of the narrowest part of the stream that passes through the orifice.1 Evidence suggests that this value does not remain constant at different flow rates. [5] [6] [7] [8] [9] Clearly, if the "constant is variable, the areas calculated according to the Gorlin formula may not be regarded as reliable anatomic measures, even though the numbers derived could be useful indexes of hemodynamic impairment.
To compare resistance with calculated area, we examined both indexes in a group of 40 patients with aortic stenosis. We also compared changes in these indexes under different conditions of pressure and flow in a total of 82 patients with aortic or mitral stenosis and in one in vitro valve, taken from studies in the literature. 
Patients and Methods

Results
Patient Studies
Valve resistance is plotted against calculated valve area in Figure 1 . There is an inverse relation between resistance and area, with substantial variation around the mean relation. For each value of calculated area, there is a 20-50% variation in resistance. The patients with higher pressure gradients had higher resistances for a given calculated area than patients with the same calculated areas and lower pressure gradients (Table 1 ). This finding is expected because resistance and area are calculated from the same data and the exact relation between the two parameters would predict it. 
Area Versus Resistance
No theoretical model is likely to give a good prediction of flow through a stenotic valve because the flow is turbulent and the viscous properties of blood are highly nonlinear. It seems reasonable to expect that the turbulence caused by stenosis will increase resistance as flow increases. Therefore, it is surprising that the pressure gradient across the valve is most closely proportional to the first power rather than some higher power of flow rate. A possible explanation suggested by several investigators is that the valve area increases with higher flow rates. 4, 6, 7, [11] [12] [13] There is conflicting evidence about the extent to which area changes with flow. Two aspects of the study of Cannon et a15 suggest that it does not change much: 1) Pressure gradient varied with the first power of flow rate in a synthetic valve with a rigidly fixed area, and 2) video analysis of a single diseased valve in vitro showed very little change in area over a 2.5 -fold range of flow rates ( Figure 3 of Reference 5). On the other hand, additional evidence both from the same laboratory11,12 and from others13 indicates that some valves do increase in area with higher flow rates. Another possible explanation for the linear relation between pressure and flow is that the viscosity of blood decreases during turbulence. The main point to be made from these observations is that it is difficult to predict the hemodynamics of a diseased valve on purely theoretical grounds. The effects of an obstructed orifice are sufficiently complex that the choice of an index of stenosis will depend largely on empirical findings and the utility of the index. The results reviewed here suggest that the Gorlins' original reason for discounting resistance as a stenotic index was incorrect. They asserted that resistance was less likely than calculated area to remain constant at different flow rates. The results show that the opposite is true: resistance is more constant than calculated area. In this sense, resistance may be a more useful index because it is less subject to variations associated with differences in the conditions of measurement.
The decision to use one or the other index will depend on the way the measurement is used. As a simple descriptive term, area has the advantage of simplicity and familiarity. Resistance has a considerable advantage when used in conjunction with other measurements. It is defined in dimensions that can be used directly in hemodynamic calculations in much the same way that electrical resistance is used in electronic calculations. 
Comparison of Valvular and Peripheral Resistances
It is useful to compare the work done on a stenotic valve with the work required for perfusion of the periphery. This comparison can be made easily when valvular resistance is related directly to the peripheral resistance. Since peripheral resistance can vary substantially, especially during exercise, it is necessary to specify the state in which the peripheral resistance is measured. The reference value to be used here is the peripheral resistance expected at rest (Rp.rest). The relative valvular resistance will be defined by the dimensionless ratio (r) of the effectiveness of the two resistances in absorbing hemodynamic work. This ratio is obtained by division of Equation 4 into Equation 5 as r=W,/Wp= R/(Rp.restx FET) (6) This ratio has the value 1 when the work rate across the valve equals the peripheral work rate at rest (i.e., when valvular resistance is about one third of peripheral resistance), and it varies in direct proportion to valvular resistance. It will equal the inverse of the FET when the valvular resistance equals the resting peripheral resistance. The most severely stenotic valve studied here (patient 22, Table 1 , with a calculated area of 0.22 cm2) had a valve resistance of 1,244 dyne ' sec. cm-', approximately the value expected for the peripheral resistance at rest. If the patient's FET had been normal at 0.33, the value of r would have been 3; however, the patient had a prolonged FET of 0.467, such that the value of r was about 2.14. This observation emphasizes the important point that the value of r will not be absolutely constant in the same patient but will vary with the inverse of the fractional ejection time.
Effects of Exercise
During exercise the work load imposed by the valve resistance increases much more than the work load imposed by the periphery because peripheral resistance decreases while valve resistance remains constant. If blood pressure remains constant, peripheral resistance must fall in proportion to the increased cardiac output. The stroke work required for perfusion of the periphery will then vary in proportion to the first power of cardiac output. (Figure 2A) give an estimate of the absolute increases in work rate during exercise. The plots show that the work required for perfusion of the total circulation can be increased up to 27-fold above the normal resting value when valvular resistance is equal to peripheral resistance with a normal fractional ejection time (i.e., r=3).
The increases in work shown in Figure 2A Figure 2B , which plots the total work rate normalized to the total work rate at rest. These plots show the relative increase in work rate required as cardiac output increases and illustrate how the ability of the ventricle to meet the demands of the circulation depends on the degree of ventricular hypertrophy and compensation.
A normal ventricle can increase its cardiac output and work rate about twofold to threefold, depending on the age and athletic conditioning of the individual. Figure 2B shows that an individual with a valvular resistance that doubles the work of the ventricle at rest (i.e., r= 1, equivalent to the average patient studied here) will require a threefold to sixfold increase in work rate for production of the same increase in cardiac output. Conversely, a twofold to threefold increase in ventricular work rate will increase cardiae output only 1.5-fold to twofold.
These twofold and threefold limits are indicated by the dashed and dotted lines, respectively, in Figure 2 .
As shown, a fully compensated ventricle able to produce a threefold increase in cardiac work will only be able to double cardiac output, whereas the same degree of reserve will triple cardiac output in the absence of a stenotic valve. Unfortunately, the nature of the work load imposed by the stenotic ventricle makes it unlikely that a ventricle hypertrophied to match a stenotic valve will have the same reserve as a normal ventricle. The higher ventricular pressure with concomitantly higher wall stresses makes it unlikely that the speed of ventricular contraction could be increased sufficiently to raise cardiac work to the same extent as occurs in the normal heart.
The Figure 2A .
The relation expressed by Equation 11 and shown in Figure 2A does Figure 2B .
